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ABSTRACT

A method comprising applying ultrasonic energy to a bio
mass to alcohol production process is provided. In one
embodiment the alcohol production process is an ethanol
production process. In one embodiment, the biomass to
alcohol process employs ultrasonic energy as the only means
of pretreatment. In one embodiment, the biomass to alcohol
process additionally employs a concentrated acid hydrolysis
pretreatment. In one embodiment, the biomass to alcohol
process additionally employs any conventional pretreat
ment, such as a hydrothermal or chemical pretreatment,
followed by an enzymatic hydrolysis step or a simultaneous
enzymatic hydrolysis and saccharification step. In one
embodiment, the conventional pretreatment is selected from
the group consisting of dilute acid hydrolysis, high pressure
hot water-based methods, i.e., hydrothermal treatments such
as steam explosion and aqueous hot water extraction, reactor
systems (e.g., batch, continuous flow, counter-flow, flow
through, and the like), ammonia explosion, ammonia
recycled percolation (ARP), lime treatment and a pH-based
process.
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hemicellulose and cellulose to fermentable sugars. The
combination of hemicellulose and lignin provide a protec
tive sheath around the cellulose, which must be modified or

CROSS-REFERENCE TO RELATED
APPLICATION

0001. This application is a divisional application of U.S.
Patent Application Ser. No. 10/954,657, filed Sep. 30, 2004,
which application claims the benefit under 35 U.S.C. 119 (e)
of U.S. Provisional Application No. 60/508,605 filed on Oct.
3, 2003, which are hereby incorporated by reference in their
entirety.
FIELD

0002 The present subject matter relates generally to
biomass conversion to alcohol, and, more particularly, to
biomass conversion to alcohol using ultrasonic energy.
BACKGROUND

0003. The methods for producing various types of alco
hol from grain generally follow similar procedures, depend
ing on whether the process is operated wet or dry. One
alcohol of great interest today is ethanol. Ethanol can be
produced from virtually any type of grain, but is most often
made from corn.

0004 Since its inception, the national market for fuel
ethanol has grown from about 6.6 million liters (about 175
million gallons (gal)) in 1980 to about 7.9 billion liters
(about 2.1 billion gal) in 2002. In 2003, the U.S. ethanol
industry produced a record 10.6 billion liters (about 2.8
billion gal), all of which was produced from 74 ethanol
plants located mainly within the corn-belt. Recent federal
government legislation has been proposed, which would
mandate that ethanol production capacity grow to approxi
mately 1.9 trillion liters (approximately five (5) billion gal)
by 2012. Consequently, ethanol producers are seeking meth
ods to improve yields before incurring the high capital costs
of direct plant expansion. Because of the ongoing need for
ethanol, as well as recent and expected future rapid growth
of the ethanol industry, producers are finding it difficult to
incur the time and expense required to refine existing
technologies to meet the potentially mandated increases and
also remain cost competitive with intense ethanol producer
competition. Higher yields are also desired for other types of
alcohol.

0005 Alcohols such as ethanol can be produced from
virtually any type of grain, but ethanol in particular is most
often made from corn, which contains high levels of starches
that can be broken down into the glucose Sugars needed for
traditional fermentation. However, there is a growing inter
est in producing alcohol from other sources, such as cellu
lose, a linear polymer of glucose molecules. Cellulose is a
desirable alternative over other ethanol feedstocks such as

corn grain since it is renewable, abundant, does not take
away from the food supply and is available at a relatively
low cost. However, there are several known difficulties

associated with efficiently converting the cellulose (con
tained in biomass) to glucose Sugars, including the extensive
chemical treatment required and the high capital and energy
costs involved.

0006 The biggest challenge for a commercial biomass
to-alcohol process is the ability to cost-effectively convert

removed before efficient hydrolysis of cellulose can occur.
Furthermore, the cellulose must be decrystallized or “soft
ened before it can be processed into alcohol. Softening
entails insertion of water into the crystalline structure of the
cellulose, thereby opening up or loosening its structure Such
that it can be economically converted to glucose for fer
mentation.

0007. The pretreatment softening process also usually
includes hydrolysis of hemicellulose to pentose Sugars,
which precedes enzyme or acid hydrolysis of the cellulose to
glucose. However, pretreatment-hydrolysis of plant biomass
can often result in the creation and release of other chemicals

that inhibit microbial fermentation. These inhibitors (i.e.
furfural) are largely the product of Sugar degradation, and
methods to remove these inhibitors or to reduce their for
mation are needed.

0008 Biomass conversion to alcohol also poses unique
fermentation considerations. The Saccharaomyces cerevi
siae yeast strains used in conventional corn ethanol plants
for example, can ferment glucose, but can not ferment
pentose Sugars such as Xylose. Additionally, there is cur
rently no naturally occurring microorganism that can effec
tively convert all the major Sugars present in plant biomass
to ethanol. Therefore, genetically engineered yeast or bac
teria, which can ferment both glucose and xylose to alcohol
are being used for biomass to alcohol processes. However,
genetically-enhanced recombinant strains of fermentative
microorganisms, including recombinant Strains of yeast,
bacteria and fungi, as well as transgenic nucleic acids (DNA,
RNA) derived from Such component may pose environmen
tal disposal and permitting problems. Methods to remove
these components in product and waste streams are needed.
0009 For the reasons stated above, and for other reasons
stated below which will become apparent to those skilled in
the art upon reading and understanding the present specifi
cation, there is a significant need in the art for systems and
methods that provide for improved biomass conversion to
alcohol. Such as ethanol, in a cost-effective manner.
SUMMARY

0010. A method comprising applying ultrasonic energy to
a biomass to alcohol production process is provided. In one
embodiment the alcohol production process is an ethanol
production process. In one embodiment, the biomass to
alcohol process employs ultrasonic energy as the only means
of pretreatment. In one embodiment, the biomass to alcohol
process additionally employs a concentrated acid hydrolysis
pretreatment. In one embodiment, the biomass to alcohol
process additionally employs a two-stage acid hydrolysis
pretreatment (commonly referred to as a “two-stage acid
hydrolysis process'). In one embodiment, the biomass to
alcohol process additionally employs any conventional pre
treatment, such as a hydrothermal or chemical pretreatment,
followed by an enzymatic hydrolysis step or a simultaneous
enzymatic hydrolysis and saccharification step. In one
embodiment, the conventional pretreatment is selected from
the group consisting of dilute acid hydrolysis, high pressure
hot water-based methods, i.e., hydrothermal treatments such
as steam explosion and aqueous hot water extraction, reactor
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systems (e.g., batch, continuous flow, counter-flow, flow
through, and the like), ammonia explosion, ammonia
recycled percolation (ARP), lime treatment and a pH-based
process.

0011 A pretreatment method comprising applying ultra
Sonic energy to a biomass slurry wherein the ultrasonic
energy causes an increase in conversion rates of components
in the biomass slurry to fermentable Sugars is also provided.
In one embodiment, at least a portion of the biomass slurry
is hydrolyzed during the pretreatment step. In one embodi
ment, the components are cellulose and hemicellulose. In
one embodiment, the fermentable Sugars are converted into
alcohol.

0012. In one embodiment ultrasonic energy is applied
before, during and/or after a conventional pretreatment step.
In one embodiment, ultrasonic energy is additionally or
alternatively applied after fermentation, such as to the thin
stillage component.
0013 A system comprising one or more ultrasonic energy
transducers and a biomass to alcohol production facility
adapted for use with the one or more ultrasonic energy
transducers is also provided. In one embodiment, the bio
mass to alcohol system employs ultrasonic energy as the
only means of pretreatment. In one embodiment, the biom
ass to alcohol system additionally employs a concentrated
acid hydrolysis pretreatment. In one embodiment, the bio
mass to alcohol system additionally employs a two-stage
acid hydrolysis pretreatment. In one embodiment, the bio
mass to alcohol system additionally employs any conven
tional pretreatment, such as a hydrothermal or chemical
pretreatment, followed by an enzymatic hydrolysis step or a
simultaneous enzymatic hydrolysis and Saccharification
step.

0014) Although the systems and methods described
herein focus primarily on ethanol production from plant
biomass, it is intended that any of the systems and methods
described herein can be used in virtually any alcohol pro
duction facility and with any suitable type of biomass.
0015. In one embodiment, systems and methods for
improving biomass conversion to alcohol using ultrasonic
energy are provided. The particular improvement achieved
depends on several factors, including, but not limited to, the
particular point in the process at which the ultrasonic energy
is applied, the type of biomass being used, type of additional
pretreatment methods, if any, being employed, and so forth.
The manner in which the ultrasonic energy is applied can
also affect the end result. This includes, but is not limited to,

the frequency of ultrasonic energy applied, the power inten
sity at which the ultrasonic energy is applied, the length of
time the ultrasonic energy is applied, the location of the
transducer within the medium to be treated, and so forth. In

one embodiment, high-powered ultrasonic (HPU) energy is
used.

0016. The particular benefit obtained will vary depending
on whether a conventional ultrasonic horn known in the art

is used or whether another type of horn is used. Such as a
cascade type horn (which is known to increase the area of
cavitation bubble generation), and the like. Other factors
particular to the operation can also affect the benefit
obtained. This includes, but is not limited to, the flow rate of

the fluid medium, the nature of the medium to be acted upon,
including type and amount of particulate content, tempera
ture, and so forth.
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0017 Ultrasonication of biomass is highly effective at the
complex destructuring, disaggregation, and depolymeriza
tion (i.e., hydrolysis or breakdown to Sugars and/or inter
mediate chains of Sugars) of hemicellulose and cellulose.
Ultrasonication of biomass in specific locations in the bio
mass to alcohol process has the potential to interface or be
integrated with existing biomass pretreatment technologies
allowing technological hurdles, process inefficiencies and/or
poor economics to be overcome. Alternatively, ultrasonica
tion of biomass before, during and/or just after pretreatment
during the biomass to alcohol process may also function as
a stand-alone, highly efficient, and economic pretreatment
process for ethanol production.
0018. Some of the advantages of ultrasonication as a
biomass pretreatment enabling technology, or as a stand
alone biomass pretreatment process, for alcohol production
include, but are not limited to, the ability of ultrasonication
tO:

0019 produce highly digestible cellulose solids that can
achieve high glucose yields with low enzyme loadings,
resulting in lower cellulase costs;
0020 possibly eliminate the need for acid during pre
treatment, while generating high Sugar yields;
0021 reduce and even possibly eliminate the need for
chemicals during both pretreatment and pre-fermentation
conditioning, which will have the additional advantages of
lowering the cost of materials of construction because of a
less corrosive environment and minimizing of the formation
of degraded Sugars and Subsequent production of chemical
such as furfural which inhibit microbial fermentation;

0022 reduce heat and energy demands, which will also
have the advantage of minimizing formation of degraded
Sugars and Subsequent production of chemicals such as
furfural which inhibit microbial fermentation;

0023 create low water usage due to highly effective
destructuring and disaggregation of hemicellulose, cellulose
and lignin; and
0024 possibly optimize settings in flowrate, temperature,
and acid level to maximize hemicellulose recovery and
lignin removal with water or dilute acid solutions in flow
through reactor systems.
0025 The novel system and methods described herein are
expected to increase overall yields of alcohol. Such as
ethanol, by at least 10% up to 100% or more. Glucose yields
will also increase by at least 10% up to 100% or more. Yields
of other Sugars are also expected to increase. Actual yields
are dependent on many factors including, but not limited to,
type of biomass feedstock used, type of pretreatment meth
ods being employed, and so forth. Additionally, when used
after fermentation, ultrasonic energy can also significantly
decrease the presence of unwanted genetically engineered
materials in product and waste streams, such as the feed
molasses stream, in Some instances reducing the amounts to
undetectable levels.
BRIEF DESCRIPTION OF THE DRAWINGS

0026 FIG. 1 is a simplified illustration of an ultrasonic
transducer located in a process flow stream in one embodi
ment of the present invention.
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0027 FIG. 2 is an illustration of an exemplary high
powered ultrasonic transducer with a cascade horn.
0028 FIG. 3 is an illustration of a flow cell for use with
the high-powered ultrasonic transducer of FIG. 2.
0029 FIG. 4 is a diagram of a novel method of biomass
to ethanol production using ultrasonic energy at various
points in a process employing an ultrasonic concentrated
acid hydrolysis pretreatment in embodiments of the present
invention.

0030 FIG. 5 is a diagram of a novel method of biomass
to ethanol production using ultrasonic energy at various
points in a process employing a two stage acid hydrolysis
pretreatment in embodiments of the present invention.
0031 FIG. 6 is a diagram of a novel method of biomass
to ethanol production using ultrasonic energy at various
points in a process employing a hydrothermal or chemical
pretreatment followed by enzymatic hydrolysis or simulta
neous enzymatic hydrolysis and saccharification in embodi
ments of the present invention.
0032 FIG. 7 is a graph showing ethanol yield versus
Sonication time for Sonication of Switch grass slurry and
impact on ethanol fermentation in embodiments of the
present invention.
0033 FIG. 8 is a graph showing percent cellulose
digested versus hours of cellulase digestion for 10 paper
filter units (pful) of cellulase with about 15 minutes of
Sonication and no Sonication in embodiments of the present
invention.
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therefore, not to be taken in a limiting sense, and the scope
of embodiments of the present invention is defined only by
the appended claims.
0038. The present invention provides systems and meth
ods of improving biomass conversion to alcohol using
ultrasonic energy in specific locations in virtually any bio
mass to alcohol process. Each of these methods can also
optionally utilize a conventional pretreatment step. Ultra
Sonic energy applied before during and/or after a pretreat
ment step or as a pretreatment step by itself, enables a
greater conversion rate of cellulose and hemicellulose as
compared with conventional methods, resulting in higher
conversion of the resulting Sugars to alcohol during fermen
tation. In one embodiment, ultrasonication is additionally or
alternatively used after fermentation to destroy contaminat
ing recombinant fermentative microorganisms and to
degrade, hydrolyze or denature any transgenic nucleic acids
(derived from recombinant fermentative microorganisms)
present in waste and/or product streams after fermentation.
Other benefits can also be realized which will become

apparent herein.
0.039 The Detailed Description that follows begins with
a brief definition section, followed by discussions on bio
mass conversion to alcohol and on ultrasonic energy tech
nology useful herein. This is followed by a detailed descrip
tion of specific embodiments of the invention which
includes a discussion of the various benefits of the use of

ultrasonic energy at different points in specific biomass to
alcohol processes.
DEFINITIONS

0034 FIG. 9 is a graph showing percent cellulose
digested versus hours of cellulase digestion for 60 paper
filter units (pful) of cellulase with about 15 minutes of
Sonication and no Sonication in embodiments of the present
invention.

0035 FIG. 10 is a graph showing percent cellulose
digested versus hours of cellulase digestion for 10 paper
filter units (pful) of cellulose, with about 15 minutes of
Sonication and no Sonication of cellulose in the presence of
about 1% Tween R 80 brand surfactant in embodiments of

the present invention.
0.036 FIG. 11 is a graph showing percent cellulose
digested versus hours of cellulase digestion for 60 paper
filter units (pful) of cellulose, with 15 minutes of sonication
and no sonication of cellulose in the presence of about 1%
Tween R 80 brand surfactant in embodiments of the present
invention.
DETAILED DESCRIPTION

0037. In the following detailed description of embodi
ments of the invention, reference is made to the accompa
nying drawings that form a part hereof, and in which is
shown by way of illustration specific preferred embodiments
in which the subject matter may be practiced. These embodi
ments are described in sufficient detail to enable those

skilled in the art to practice them, and it is to be understood
that other embodiments may be utilized and that mechanical,
chemical, structural, electrical, and procedural changes may
be made without departing from the spirit and scope of the
present Subject matter. The following detailed description is,

0040. The term “biomass” is intended herein to refer to
any non-fossilized, i.e., renewable, organic matter collected
for use as a Source of energy. The various types of biomass
include plant biomass (defined below), animal biomass (any
animal by-product, animal waste, etc.) and municipal waste
biomass (residential and light commercial refuse with recy
clables such as metal and glass removed).
0041. The term “plant biomass” or “lingo-cellulosic bio
mass” as used herein is intended to refer to virtually any
plant-derived organic matter (woody or non-woody) avail
able for energy on a Sustainable basis. Plant biomass can
include, but is not limited to, agricultural crop wastes and
residues such as corn stover, wheat Straw, rice Straw, Sugar
cane bagasse and the like. Plant biomass further includes,
but is not limited to, woody energy crops, wood wastes and
residues such as trees, Softwood forest thinnings, barky
wastes, sawdust, paper and pulp industry waste streams,
wood fiber, and the like. Additionally grass crops, such as
Switch grass and the like have potential to be produced
large-scale as another plant biomass source. For urban areas,
the best potential plant biomass feedstock comprises yard
waste (e.g., grass clippings, leaves, tree clippings, brush,
etc.) and vegetable processing waste. Plant biomass is
known to be the most prevalent form of carbohydrate
available in nature and corn Stover is the largest source of
readily available plant biomass.
0042. The term “pretreatment step’ as used herein refers
to any step intended to alter native biomass so that it can be
more efficiently and economically converted to an alcohol,
such as ethanol. Pretreatment methods can utilize acids of

varying concentrations (including Sulfuric acids, hydrochlo
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ric acids, organic acids, etc.) and/or other components such
as ammonia, ammonium, lime, and the like. Pretreatment

methods can additionally or alternatively utilize hydrother
mal treatments including water, heat, steam or pressurized
steam. Pretreatment can occur or be deployed in various
types of containers, reactors, pipes, flow through cells and
the like. Most pretreatment methods will cause hydrolysis of
hemicellulose to pentose Sugars. Conventional pretreatment
methods do not hydrolyze lignin. Conventional pretreatment
methods with acids alone also do not typically hydrolyze
cellulose, although partial hydrolysis of cellulose may occur
under Some known pretreatment technologies. For example,
the two-stage acid hydrolysis pretreatment process (FIG. 5)
is known to hydrolyze a highly variable quantity of the
cellulose portion, although the actual level of hydrolysis is
dependent on many factors, including the type of biomass,
conditions of the dilute acid pretreatment step, and so forth.
The present invention provides for the novel use of ultra
Sonic energy as a pretreatment step, either alone or in
combination with conventional pretreatment methods noted
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Although hemicellulose Sugars represent the "low-hanging
fruit for conversion to ethanol, the substantially higher
content of cellulose represents the greater potential for
maximizing alcohol yields, such as ethanol, on a per ton
basis of plant biomass.
TABLE 1.

Typical Levels of Cellulose, Hemicellulose
and Lignin in Plant Biomass and Corn Stover
Plant Biomass

Corn Stover

Percent Dry Weight

Percent Dry Weight

Cellulose
Hemicellulose

30-50%
20-40%

38%
32%

Lignin

10-25%

1796

Component

0045. As noted above, the hemicellulose fraction of bio
mass contains hexose and pentose Sugars, while the cellu
lose contains glucose. In current operations, only limited

above. Unlike conventional methods, use of ultrasonic

conversions are obtained. It is further known that of the

energy before, during and/or after a conventional pretreat
ment step or in place of a conventional pretreatment step is
likely to cause additional hydrolysis of the various compo
nents, including significant hydrolysis of cellulose to glu

sugars extracted, about 30 to 35% is xylose and about 35 to
40% is glucose (most all of which is currently converted
only in post-pretreatment steps). Overall conversions, as
well as over ethanol yields will vary depending on several
factors such as biomass type, pretreatment type, and so forth.
0046 Conventional methods used to convert biomass to
alcohol include processes employing a concentrated acid
hydrolysis pretreatment, a two-stage acid hydrolysis pre
treatment as well as processes employing any known con
ventional pretreatment, Such as hydrothermal or chemical
pretreatments, followed by an enzymatic hydrolysis (i.e.,
enzyme-catalyzed hydrolysis) or simultaneous enzymatic
hydrolysis and saccharification. Such pretreatment methods
can include, but are not limited to, dilute acid hydrolysis,
high pressure hot water-based methods, i.e., hydrothermal
treatments such as steam explosion and aqueous hot water
extraction, reactor systems (e.g., batch, continuous flow,
counter-flow, flow-through, and the like), ammonia explo
Sion, ammonia recycled percolation (ARP), lime treatment
and a pH-based treatment.
0047. Several of these methods generate nearly complete
hydrolysis of the hemicellulose fraction to efficiently
recover high yields of the soluble pentose Sugars. This also
facilitates the physical removal of the Surrounding hemicel
lulose and lignin, thus exposing the cellulose to later pro
cessing. However, most, if not all, pretreatment approaches
do not significantly hydrolyze the cellulose fraction of

COSC.

Biomass Conversion to Alcohol

0043) Nearly all forms of ligno-cellulosic biomass, i.e.,
plant biomass, comprise three primary chemical fractions:
hemicellulose, cellulose, and lignin. Hemicellulose is a
polymer of short, highly-branched chains of mostly five
carbon pentose Sugars (Xylose and arabinose), and to a lesser
extent six-carbon hexose Sugars (galactose, glucose and
mannose). These Sugars are highly substituted with acetic
acid. Because of its branched structure, hemicellulose is

amorphous and relatively easy to hydrolyze (breakdown or
cleave) to its individual constituent Sugars by enzyme or
dilute acid treatment. Cellulose is a linear polymer of
glucose Sugars, much like Starch, which is the primary
Substrate of corn grain in dry grain and wet mill ethanol
plants. However, unlike Starch, the glucose Sugars of cellu
lose are strung together by 3-glycosidic linkages which
allow cellulose to form closely-associated linear chains.
Because of the high degree of hydrogen bonding that can
occur between cellulose chains, cellulose forms a rigid
crystalline structure that is highly stable and much more
resistant to hydrolysis by chemical or enzymatic attack than
starch or hemicellulose polymers. Lignin, which is a poly
mer of phenolic molecules, provides structural integrity to
plants, and remains as residual material after the Sugars in
plant biomass have been fermented to ethanol. Lignin is a
by-product of alcohol production and is considered a pre
mium quality solid fuel because of its Zero Sulfur content and
heating value, which is near that of Sub-bituminous coal.
0044) Typical ranges of hemicellulose, cellulose, and
lignin concentrations in plants are presented in Table 1. See
www.nrel.gov/biomass, National Renewable Energy Labo
ratory website. Cellulose makes up 30 to 50% of residues
from agricultural, municipal, and forestry sources. While
cellulose is more difficult to convert to ethanol than hemi

cellulose, it is the Sugar polymers of hemicellulose which
can be more readily hydrolyzed to their individual compo
nent Sugars for Subsequent fermentation to ethanol.

biomass.

Ultrasonic Technology
0048. A transducer is a transducer having an active
element made from a suitable material and means for

generating a change in an external parameter. Such as an
electromagnetic field, which affects the active element. An
ultrasonic transducer is capable of operating at frequencies
in the ultrasonic range, typically considered at least about 17
kHz or above. For example, with active elements made from
magnetostrictive materials, the element is changeable
between a first shape in the absence of an electromagnetic
field, and a second shape when in the presence of the
electromagnetic field. In a similar manner, piezoelectric
materials change shape in response to changes in Voltage.
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Other materials are described in more detail below. In the

metal materials and compositions having rare earth materi

example above, the transducer also includes means for
providing an electrical signal to the components producing
the electromagnetic field and an acoustic element, such as

als, transition metals and other elements.

one or more horns, connected to the transducer for chan

neling energy to perform work.
0049 Most ultrasonic transducers are capable of receiv
ing up to about three (3) kW of electrical power and
converting it into mechanical ultrasonic power at a fre
quency of about 20 kHz and in one embodiment this is the
type of ultrasonic transducer used. (However, the invention
is not limited to frequencies of 20 kHz and any suitable
ultrasonic frequency required for the particular application
can be used. And, as noted herein, in Some instances it may
be desirable to operate at less than ultrasonic frequencies,
such as less than 17 kHz, down to about ten (10) kHz). A
“high-powered’ transducer is defined as any transducer
capable of generating power in excess of three (3) kW. A
“high-powered’ transducer is typically capable of receiving
up to 30 kW of electrical power and converting it into
mechanical ultrasonic power at a frequency of at least about
ten (10) kHz, typically about 20 kHz.
0050. The active element in a transducer is typically
made from a Smart material. Such as the magnetostrictive
materials noted above. Smart materials are known to exhibit

a change in shape in response to a change in input from an
external parameter. Essentially, Smart materials have the
ability to “sense their environment. Smart materials include
magnetostrictive materials, such as ETREMATERFENOL
DR), a metal alloy formed from the elements terbium,
dysprosium and iron, fabricated by ETREMA Products, Inc.
(hereinafter “Etrema”), in Ames, Iowa, under the brand
name of “TERFENOL-DR).” Other magnetostrictive mate
rials useful herein include, but are not limited to, nickel,

“Galfenol (a gallium-iron alloy originally invented by the
US Navy), ferrous metals, vandium permendur, metallic
glass, and so forth. Smart materials also include materials
Such as ferroelectrics, electrostrictive materials including
lead Zirconate titanate or other ceramics, i.e., piezoceramics,
and so forth. Electrostrictive materials change their shape
when placed in an electrical field of varying Voltage. This is
known as the “piezoelectric' effect. Smart materials also
include shape memory alloys.
0051 External parameters which can be varied in order to
cause the change in compliance to occur, include, but are not
limited to, mass load, electrical load, prestress, and tem
perature, as well as ac and dc applied fields (or polarization
fields), including electric, thermal and/or magnetic fields, as
appropriate for different Smart materials. For example, mag
netostrictive materials such as TERFENOL-DR), are known

to change shape in response to changes in (or application of)
an applied magnetic field. Such variations in the magnetic
field can be induced by providing a dc current to the motor
or by varying the magnetic field strength. A magnetostrictive
material can tolerate high mechanical stress, and has a
relatively high energy density. High energy density enables
more mechanical power output from more electrical power
input and volume of Smart material which thus reduces the
size and weight of the transducer.
0.052 A giant magnetostrictive material can also be used
for the active element. Examples of giant magnetostrictive
materials include rare earth materials, rare earth-transition

0053 Ultrasonic energy, as with any sound wave, is
essentially a series of compressions and rarefactions. When
ultrasonic energy of Sufficient intensity is applied to a liquid
medium processing stream (through direct contact of the
transducer with the liquid medium processing stream), cavi
tation of the medium and/or components contained in the
medium typically occurs, as the medium can not react fast
enough to accommodate the rapid movement of an ultra
Sonic horn. The energy that is elastically stored in the
creation of the cavitation bubble is then released at a very
localized level when the bubble collapses, thus generating
very high temperatures, pressures, and sheering forces at the
microscopic and even atomic levels. This transfer mecha
nism allows for the unique transfer and application of energy
within a medium that can effect chemical and mechanical

changes in that medium and/or the components therein. The
extent of cavitation depends, in part, on the intensity of the
ultrasonic energy applied.
Embodiments

0054 As noted above, the various embodiments of the
present invention provide for the insertion of ultrasonic
energy into various points of the biomass to alcohol pro
duction process (through use of one or more ultrasonic
transducers) to effect desired changes to the fluid medium
and/or components flowing in the medium. Use of ultrasonic
energy in this manner has multiple benefits, including, but
not limited to, increasing the efficiency of biomass conver
Sion, increasing the efficiency of alcohol production,
improvement in and/or production of marketable by-prod
ucts, and the like, as will be described in more detail herein.

0.055 FIG. 1 provides a simplified illustration of one
embodiment of the present invention in which an ultrasonic
transducer 100 having a horn 108 has been placed in a
moving fluid medium 102 (of a biomass to alcohol process)
containing large particulates 104. The moving fluid medium
102 may be moving at any suitable speed, such as about 189
to 1514 liters/min (about 50 to 400 gpm), although the
invention is not so limited. Specific placement of the trans
ducer 100 in the stream will vary depending upon the
application. In some embodiments, a transducer having a
cascade horn is used, which significantly increases the
contact area with the fluid stream, thus enabling a higher
contact volume per unit time. In other embodiments, a
transducer having multiple horns is used. In some embodi
ments, multiple transducers are placed in parallel or series in
the moving fluid medium 102.
0056. In the embodiment shown in FIG. 1, ultrasonic
energy 106 generated by the transducer 100 interacts
directly with the moving fluid medium 102, causing the
large particulates 104 to be broken down into small particu
lates 110 through cavitation, as described above. The small
particulates 110 are all shown approximately the same size
for simplification. In practice, the small particulates 110 may
be a variety of sizes, including microscopic-sized.
0057 The benefits of cavitation occurring in a biomass
conversion stream are significant. For example, when used
before, during and/or after a pretreatment step, cavitation of
the moving fluid medium 102 and its large particulates 104
allows for destructuring, disaggregation, and disassociation
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of cellulose molecules from lignin components which would
otherwise inhibit the hydrolization of cellulose prior to
conversion to glucose. Ultrasonic cavitational forces are
able to loosen, shake off and/or strip away cellulose mol
ecules from lignin components. These forces are also able to
destructure, disaggregate, decrystallize, soften, hydrate, and
depolymerize the hemicellulose, cellulose and lignin. It is
important to note, however, that overprocessing of the
components, e.g., overprocessing of cellulose molecules
prior to fermentation, may not be desirable. Specifically, if
the applied Sonication is too aggressive in terms of intensity,
frequency and/or duration, it may be possible to cause some
damage to the components being treated. Additionally, care
must also be taken to not shear the biomass to the point that
it is all converted into Sugar too quickly, which could also
inhibit or kill the yeast. Therefore, more intense sonication
is limited to specific uses that may be considered less
sensitive to this type of concern. This includes applications
that do not require the starch or yeast to be present, such as
when Sonication is applied downstream of fermentation to
kill contaminating recombinant fermentative microorgan
isms and to degrade, hydrolyze or denature transgenic
nucleic acids present in the waste or product streams.
0.058. In some embodiments, particularly when high
powered ultrasonic energy is used, cavitation is likely occur
ring within the fluid medium itself. Cavitation of the fluid
helps to enable the other changes taking place with the
particulates. Specifically, disassociation of water molecules

into hydrogen ions H+ and hydroxyl groups OH

creates “free radicals, i.e., miniature “chemical reactors,'

which operate at a localized level to enable some of the
benefits described herein, particularly those requiring
greater “destruction of the components, e.g., denaturing or
degradation of transgenic proteins and transgenic nucleic
acids of genetically modified feedstocks, rendering of bac
teria and/or fungus and/or yeast as nonviable, and the like.
0059 Examples of ultrasonic transducers that can be used
in the present invention include, but are not limited to, the
high-powered ultrasonic transducers described in U.S. Pat.
No. 6,624,539, entitled, “High Powered Ultrasonic Trans
ducers.” by Hansen et al., which is incorporated herein by
reference. Many of the high-powered transducers made by
Dr. Heilscher GmbH in Teltow, Germany may also be useful
herein. In another embodiment, a high-powered ultrasonic
transducer having a cascade horn, Such as the transducer 200
shown in FIG. 2 can be used. An exemplary flow cell
designed for use with a cascade horn 300 is shown in FIG.
3. Although the flow cell shown in FIG. 3 has a U-shaped
pipe, the invention is not so limited. The transducer, Such as
the transducer 200 shown in FIG. 2 can be inserted into a

pipe of any dimension or geometry designed to force inti
mate contact between the horn and flow stream. In one

embodiment, a Heilscher UIP 4000 Industrial Ultrasonic
Processor is used.

0060 High-powered transducers are particularly useful
in embodiments in which transgenic proteins and transgenic
nucleic acids of genetically modified recombinant fermen
tative microorganisms are being denatured or degraded,
bacteria and/or fungus and/or yeast contaminants are being
rendered nonviable, and so forth, although the invention is
not so limited. Also, as noted above, the use of high-powered
ultrasonic energy may not be the preferred embodiment in
other applications, such as when the goal is to strip cellulose
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molecules from lignin components, for example. For these
embodiments, it may be preferable to use a lower powered
ultrasonic transducer. In addition to Heilscher GmbH, Bran

son Ultrasonics Corporation of Danbury, Conn. also offers a
variety of transducers, including immerScible transducers
which use both magnetostrictive and piezoelectric materials
which may be useful herein. In one embodiment, a piezo
ceramic transducer made by Branson Ultrasonics Corpora
tion is used. In one embodiment, a 2000 Series Ultrasonic

Assembly Transducer made by Branson Ultrasonics Corpo
ration is used. Many of the transducers manufactured by
Dukane Ultrasonics Inc. of St. Charles, Ill., may also be
useful herein. In some embodiments, transducers having an
exponential horn, step-stub horn, conical horn, Merkulov
horn or Fourier horn, and the like, can be used. It should be
noted that the active element in the selected transducer can

be any of the materials noted above in the discussion on
ultrasonics.

0061 Specific implementation parameters can easily be
determined by adjusting the plumbing of an existing biom
ass to alcohol plant to accommodate an ultrasonic transducer
system. For example, a special housing for the transducer
can be added to the system. For a cascade horn, this is the
U-shaped pipe 300 shown in FIG. 3 into which the trans
ducer 200 of FIG. 2 is inserted and through which the fluid
medium is directed. Additionally, the required level of
ultrasonic energy and specific beneficial frequencies can be
identified by measuring the conversion rates, e.g., speed of
liquefaction or speed of fermentation, and intermediate or
final product yields of the particular step of interest, while
varying both power and frequency of the ultrasonic energy
being applied.
0062 Some of the benefits of creating cavitational forces
at various locations in a biomass to alcohol production
process include, but are not limited to, increased alcohol
fermentation, decreased chemical and biological additives,
reduction of energy costs (e.g., key processes such as
cooking are completed at lower temperatures), denaturation
or degradation of transgenic proteins and transgenic nucleic
acids of genetically modified recombinant fermentative
microorganisms and rendering nonviable bacteria and/or
fungi and/or yeast contaminants. The benefit or benefits will
vary depending on the type of biomass conversion pretreat
ment process being used. Achieving a particular benefit,
however, is dependent on many factors, including where the
ultrasonic energy, i.e., Sonication, is applied in the process,
the intensity and frequency at which Sonication is applied,
biomass content, biomass pretreatment process variables,
and the like.

0063 FIGS. 4-6 are flow diagrams illustrating novel
methods for converting native biomass to ethanol in three
different processes by including one or more Sonication
steps in various locations, although the invention is not so
limited. See http://www.nrel.gov/biomass, supra, and http://
www.ott.doe.gov/biofuels for additional details. Again,
Sonication applied as described herein is also useful in other
grain-based alcohol production facilities as well as in other
types of biomass to alcohol processes (described below). In
one embodiment, ultrasonic energy is utilized only once
during the process in just one location. In other embodi
ments, Sonication is utilized in more than one location with

multiple transducers to increase and/or vary the benefits
obtained.
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0064. In one embodiment, at least one of the one or more
transducers is a high-powered transducer generating about
three (3) to ten (10) kW. In one embodiment, the high
powered transducer operates at a frequency of about ten (10)
to 20 kHz. In one embodiment, the high-powered transducer
is a high-powered ultrasonic transducer operating at a fre
quency of at least about 17 kHz. In one embodiment, the
frequency is about 19.5 to 20.5 kHz. In one embodiment
each of the one or more transducers operate for no more than
about ten minutes in the moving fluid medium 102, although
the invention is not so limited and the transducers can

operate for any Suitable amount of time as needed. In one
embodiment, multiple transducers operate for less than five
(5) minutes to achieve the desired result. In one embodi
ment, about three (3) to ten (10) kW of power is used in one
or more transducers at a frequency of between about ten (10)
and 20 kHz for greater than Zero (O) minutes up to about ten
(10) minutes.
0065. It is important to use adequate power for the
particular application as otherwise the cavitational forces
transmitted will not be sufficient. This is particularly true for
mediums known to have a relatively high solids content,
such as about 20 to 40% by weight. In such instances, it is
likely at least three (3) kW of power may be needed. In other
embodiments, much high powered transducers can be used,
such as greater than three (3) kW up to about ten (10) kW.
0.066 FIG. 4 is a diagram of a novel method of biomass
to ethanol production using ultrasonic energy at various
points in a process 400 utilizing a concentrated acid hydroly
sis pretreatment. In this embodiment, native biomass 402.
Such as ligno-cellulosic biomass, is Subjected to a size
reduction step 404. Typically, the native biomass 402 is
passed through shredders to reduce to a suitable size, as is
known in the art. Addition of a suitable amount of water to

the shredded biomass produces a biomass slurry 408. In one
embodiment, the biomass slurry 408 is subjected to sonica
tion 410 to cause cavitation that hydrolyzes at least a portion
of the cellulose and hemicellulose. In some embodiments, as

shown in FIG. 4, the sonication 410 applied at this point in
the process essentially replaces the conventional pretreat
ment step 412 (discussed below) and the Sonicated slurry,
which is now a “pretreated biomass slurry'416, is then
Subjected to the next step, which in this instance is an
acid-catalyzed hydrolysis and Saccharification 420, but in
other embodiments is an enzyme-catalyzed hydrolysis or
simultaneous enzyme-catalyzed hydrolysis and saccharifi
cation step (See FIG. 6).
0067 Assuming the pretreatment step 412 is utilized, the
biomass slurry 408 (which may or may not have been
Subjected to Sonication 410) then undergoes the pretreatment
step 412 which essentially enables subsequent fermentation
by hydrolyzing the hemicellulose fraction. In a concentrated
acid hydrolysis pretreatment step 412, acid is added in a
concentration and manner Sufficient to hydrolyze the hemi
cellulose fraction and decrystallize the cellulose into an
amorphous state. In most embodiments concentrated Sulfu
ric acid is used.

0068. In one embodiment, sonication 414 is additionally
or alternatively used during the pretreatment step 412 to
again cause cavitation that allows at least a portion of the
cellulose to be hydrolyzed (and hemicellulose to be further
hydrolyzed) during this step 412. The pretreatment step 412
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produces a pre-treated biomass slurry 416 which can addi
tionally or alternatively be subjected to sonication 418 to
further enhance hydrolyzation of the components.
0069. The pre-treated biomass slurry 416 then undergoes
an acid-catalyzed hydrolysis and saccharification step 420
through addition of a diluted acid in a concentration Sufi
cient to cause at least a portion of the cellulose to hydrolyze.
The specifics as to concentration, temperatures, amounts and
duration will vary depending on several factors, including
the type of biomass being used, costs, desired results, and
the like. In most embodiments, dilute sulfuric acid is used.

0070. As a result, the hemicellulose and cellulose are
hydrolyzed to fermentable Sugars, although the acid and
Sugars must first be separated in an acid and Sugar separation
step 422 understood by those skilled in the art. This is
followed by a Sugar neutralization step 424 also understood
by those skilled in the art. After neutralization, the sugars are
fermented in a fermentation step 426 in which genetically
engineered yeast or bacteria is added to convert both glucose
and pentose Sugars (Xylose) to ethanol and CO. Yeast can
optionally be recycled in a yeast recycling step. It is impor
tant to note that it is not desirable to utilize Sonication during
the fermentation step 426 since it will kill fermentative
microorganisms (yeast or bacteria) being utilized in this step
to produce the alcohol.
0071. Subsequent to the fermentation step 426 is a dis
tillation and dehydration step 428 in which the fermented
Sugars are pumped into distillation columns where they are
boiled to vaporize the ethanol. The ethanol vapor is con
densed in the distillation columns, and liquid ethanol exits
the top of the distillation columns at about 95% purity (190
proof). The “190-proof ethanol then goes through a
molecular sieve dehydration column, which removes the
remaining residual water from the ethanol, to yield a final
product of essentially 100% ethanol (199.5% proof). This
anhydrous ethanol is now ready for to be used as fuel.
0072 Finally, a centrifugation step 434 involves centri
fuging the residuals produced with the distillation and
dehydration step 428, i.e., “whole stillage' in order to
separate the insoluble solids or wet cake, i.e., lignin 436,
from the liquid or thin stillage 438. The lignin 436 is
typically used as a boiler fuel.
0073. In one embodiment, the thin stillage 438 is addi
tionally or alternatively subjected to sonication 440 to kill
the fermentative recombinant microorganisms and degrade,
depolymerize and/or denature any transgenic nucleic acids
present. The thin stillage 438 enters evaporators in an
evaporation step 442 in order to boil away moisture, leaving
a thick syrup or feed molasses 444. In some embodiments,
at least a portion of the thin stillage 438 is recycled for use
again in the system.
0074 FIG. 5 is a diagram of a novel method of biomass
to ethanol production using ultrasonic energy at various
points in a process 500 utilizing a two-stage acid hydrolysis
pretreatment method. In this process native biomass 502 is
subjected to the same initial steps described in FIG. 4
including size reduction 504 and addition of water 506 to
form a biomass slurry 508. Again, the biomass slurry 508
can be subjected to sonication 510 to cause cavitation that
hydrolyzes at least a portion of the cellulose and hemicel
lulose. In some embodiments, as shown in FIG. 5, the
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sonication 510 applied at this point in the process essentially
replaces the conventional pretreatment step 512 and the
Sonicated slurry, which is now a "pretreated biomass
slurry'516, is then subjected to the next step, which in this
instance is an acid-catalyzed hydrolysis and Saccharification
520, but in other embodiments is an enzymatic hydrolysis or
an simultaneous enzymatic hydrolysis and saccharification.
(See FIG. 6). (This embodiment is essentially the same

points in a process 600 utilizing a hydrothermal or chemical
pretreatment method followed by enzymatic hydrolysis or
simultaneous enzymatic hydrolysis and saccharification. In
this process native biomass 602 is subjected to the same
initial steps described in FIG. 4 including size reduction 604
and addition of water 606 to form a biomass slurry 608.
Again, the biomass slurry 608 can be subjected to sonication
610 to cause cavitation that hydrolyzes at least a portion of

embodiment as shown in FIG. 4 when the conventional

the cellulose and hemicellulose. In some embodiments, as

pretreatment step 412 is omitted).
0075 Assuming the pretreatment step 512 is utilized, the
biomass slurry 508 (which may more may not have been
subjected to sonication 510) then undergoes the pretreatment
step 512, which essentially enables subsequent fermentation
by hydrolyzing the hemicellulose fraction, and, in this
instance, a small or partial portion of the cellulose fraction.
In a two-stage acid hydrolysis pretreatment step 512 dilute
acid is added in a suitable manner, concentration and amount

together with heat in a suitable amount for a suitable period
of time to hydrolyze the hemicellulose in a first step. This is
followed by a second step in which more concentrated acid,
Such as Sulfuric acid, is added to attempt to achieve hydro
lyzation of at least a portion of the cellulose fraction.
0076. In one embodiment, sonication 514 is additionally
or alternatively used during either or both of the stages of the
pretreatment step 512 to again cause cavitation that allows
at least a portion of the cellulose to be hydrolyzed (and
hemicellulose to be further hydrolyzed) during this step 512.
The pretreatment step 512 produces a pre-treated biomass
slurry 516 which can additionally or alternatively be sub
jected to additional sonication 518 to further enhance hydro
lyZation of the components.
0077. As compared with the process 400 described in
FIG. 4, it is thought that the pretreatment step 512 in the
process 500 of FIG. 5 increases sugar yields from both
cellulose and hemicellulose fractions. Sonication applied
before and/or during pretreatment 512 improves the
hydrolysis of both the cellulose and hemicellulose signifi
cantly, thus increasing the ethanol yield during fermentation.
0078. The pretreated biomass slurry 516 then undergoes
an acid catalyzed cellulose hydrolysis and Saccharification
step 520 as described in FIG. 4. The resulting sugars are
separated from the acid in an acid and Sugar separation step
524, followed by sugar neutralization 524 and so forth,
followed by fermentation 526 and distillation and dehydra
tion 528 to produce ethanol 532 as described in FIG. 4.
Again, it is not desirable to utilize Sonication during fer
mentation 526 for the reasons stated herein.

0079 Finally, a centrifugation step 534 involves centri
fuging the residuals produced with the distillation and
dehydration step 528 to separate the lignin 536 from the
liquid or thin stillage 538. In one embodiment, the thin
stillage 538 is additionally or alternatively subjected to
sonication 540 to kill the fermentative recombinant micro

organisms and degrade, depolymerize and/or denature any
transgenic nucleic acids present. The thin stillage 538 enters
evaporators in an evaporation step 542 in order to boil away
moisture, leaving a thick syrup or feed molasses 544. In
some embodiments, at least a portion of the thin stillage 538
is recycled for use again in the system.
0080 FIG. 6 is a diagram of a novel method of biomass
to ethanol production using ultrasonic energy at various

shown in FIG. 6, the sonication 610 applied at this point in
the process essentially replaces the conventional pretreat
ment step 612 and the sonicated slurry, which is essentially
a “pretreated biomass slurry'616, is then subjected to the
next step, which in this instance can be an enzymatic
hydrolysis step 622A or a simultaneous enzymatic hydroly
sis and saccharification step 622B, depending on the type of
enzyme used.
0081 Assuming the pretreatment step 612 is utilized, the
biomass slurry 608 (which may more may not have been
subjected to sonication 610) then undergoes the pretreatment
step 612, which essentially enables subsequent fermentation
by hydrolyzing the hemicellulose fraction. The pretreatment
step 612 in this particular embodiment involves the use of
hydrothermal (pressurized steam or hot water) or chemicals
(dilute acid, ammonia, etc.), although the invention is not so
limited. Virtually any type of pretreatment can be used prior
to steps 622A or 622B. The pretreatment step 612 is intended
to cause the hemicellulose to hydrolyze, i.e., be converted to
pentose sugars, and the cellulose to be decrystallized into an
amorphous state.
0082 In one embodiment, sonication 614 is additionally
or alternatively used during the pretreatment step 612 to
again cause cavitation that allows at least a portion of the
cellulose to be hydrolyzed (and hemicellulose to be further
hydrolyzed) during this step 612. The pretreatment step 612
produces a pre-treated biomass slurry 616 which can addi
tionally or alternatively be subjected to additional sonication
618 to further enhance hydrolyzation of the components.
0083. The pretreated biomass slurry 616 then undergoes
either an enzymatic hydrolysis step 622A or a simultaneous
enzymatic hydrolysis and saccharification step 622B to
convert at least a portion of the cellulose to glucose Sugars.
Either enzymatic hydrolysis or simultaneous enzymatic
hydrolysis and saccharification are preferred over the acid
hydrolysis steps described in FIGS. 4 and 5 because they
provide many benefits, including an increased conversion
rate, lower capital cost (non-corrosive environment) reduced
chemical costs and elimination of chemical waste disposal.
0084. A simultaneous saccharification and fermentation
step 624 is next, which uses genetically-modified yeast or
bacterial strains that can utilize both pentose and glucose
Sugars. Again, Sonication is not recommended during the
fermentation step 624 for the reasons stated herein. This is
followed by the distillation and dehydration step 628 to
produce ethanol 632 as described above.
0085 Finally, a centrifugation step 634 involves centri
fuging the residuals produced with the distillation and
dehydration step 628 to separate the lignin 636 from the
liquid or thin stillage 638. In one embodiment, the thin
stillage 638 is additionally or alternatively subjected to
Sonication 640 to kill the fermentative microorganisms and
degrade, depolymerize and/or denature any transgenic
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nucleic acids present. The thin stillage 638 enters evapora
tors in an evaporation step 642 in order to boil away
moisture, leaving a thick syrup or feed molasses 644. In
some embodiments, at least a portion of the thin stillage 638
is recycled for use again in the system.
0.086 Pretreatment is the most expensive step in the
operational cost of biomass to alcohol production. Utiliza
tion of the system and methods of the present invention help
to reduce various pretreatment costs. This includes, but is
not limited to, reduction in amount of biomass milling or
grinding required, lower capital cost construction, elimina
tion or reduction of acid addition and/or other process
chemicals, elimination of need for corrosive resistant equip
ment, reduced water requirement, reduced heat (energy)
requirement, elimination or reduction of gypsum disposal
(resulting from acid use), achievement of high pentose Sugar
recovery, production of a hemicellulose and cellulose
hydrolysate with a minimal inhibitory effect on fermenta
tion, and the like.

0087. The novel system and methods described herein are
expected to increase overall yields of alcohol. Such as
ethanol, by at least 10% up to 100% or more. Glucose yields
will also increase by at least 10% up to 100% or more. Yields
of other Sugars are also expected to increase. Actual yields
are dependent on many factors including, but not limited to,
type of biomass feedstock being used, type of pretreatment
methods being employed, and so forth. Additionally, when
used after fermentation, Sonication can also significantly
decrease the presence of unwanted genetically engineered
materials in product and waste streams, such as the feed
molasses stream, in some instances reducing these levels to
near Zero percent.

0088 Although the power and intensity levels of the
Sonication required will vary depending on the particular
application, it is understood by those skilled in the art that
the level of ultrasonic agitation needed in the present inven
tion must be greater than a level which, at most, is capable
only of converting the components in the biomass slurry into
microcrystalline particles, such as cellulose into microcrys
talline cellulose. Specifically, the level of sonication agita
tion utilized must go beyond inducing microcrystallization
and further cause at least some hydrolyzation of the com
ponents. Transducer variables which can be adjusted to
accomplish the desired results include, but are not limited to,
power, intensity, duration, type, location in the flow stream,
and so forth.

0089. However, it is undesirable to overprocess the com
ponents, including cellulose, particularly prior to fermenta
tion. Testing can be performed to determine the most ben
eficial location, duration, intensity and frequency for
Sonication in and around the pretreatment step. In some
instances, a combination of Sonication both before, after, and

during pretreatment can be used. Again, it is also possible
that the application of ultrasonic energy to the biomass
slurry may allow the conventional pretreatment step to be
eliminated altogether.
0090. Other biomass to alcohol technologies in which
ultrasonication can be used are discussed below. Although
these processes are discussed in general terms, it is to be
understood that most of these processes are currently under
development and may vary somewhat in their final com
mercial form. However, those skilled in the art will under
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stand that the use of ultrasonication before, during and/or
after the pretreatment process can achieve the various ben
efits described herein. Additionally, application of ultrasoni
cation after fermentation, Such as to the thin stillage, will
provide additional benefits as described herein.
0.091 Dilute Sulfuric Acid Process. Addition of dilute
sulfuric acid to plant biomass is often favored because of the
potential for high yields of sugars possible from both the
hemicellulose fraction during pretreatment and from the
remaining cellulose in Subsequent enzymatic processing.
However, pretreatment by this approach is currently the
single most expensive step in bioprocessing for production
of ethanol from plant biomass, and no other approach has
been established to be significantly lower in costs.
0092 Such processes have less than optimal yields of
glucose conversion from cellulose. With the dilute acid
treatment process, it is believed that cooling in the presence
of the pretreated solids results in re-precipitation of solubi
lized lignin upon the pretreated Solids, negatively affecting
Subsequent enzymatic hydrolysis by cellulase enzymes.
0093. In one embodiment, ultrasonication is applied
before, during and/or after pretreatment in a dilute sulfuric
acid process and/or after fermentation, typically to the thin
stillage component. It is expected that alcohol yields will
increase significantly through application of ultrasonication
as described herein. It is also expected that other benefits as
described herein will occur.

0094) Aqueous Hot Wash Extraction Process. This
method is a variation of a dilute acid pretreatment, and may
also be applicable to other pretreatment processes. An aque
ous hot wash extraction process involves a high temperature
separation and pressurized hot water washing (e.g., about
135°C.) of the pretreated solids that allows for separation of
lignin that was solubilized during pretreatment. Such a
processing step prevents re-precipitation of lignin and/or
Xylan (hemicellulose oligomers), originally solubilized
under pretreatment conditions, back upon the pretreated
cellulosic solids. Compared to traditional dilute acid pre
treatment, the hot separation and washing technique
improves lignin Solubilization by as much as three fold, and
dramatically enhances the speed of cellulose hydrolysis and
ethanol production.
0095. In one embodiment, ultrasonication is applied
before, during and/or after pretreatment in a dilute sulfuric
acid process and/or after fermentation, typically to the thin
stillage component. It is expected that alcohol yields will
increase significantly and associated production costs will
decrease through application of ultrasonication as described
herein. It is also expected that other benefits as described
herein will occur.

0096 Flow-Through Reactor Process. As a version of an
aqueous hot wash extraction process, flow-through reactors
pass hot water through a stationary bed of cellulosic plant
biomass with or without dilute sulfuric acid addition. The

process hydrolyzes hemicellulose to nearly theoretical
yields of monomeric Sugars, removes lignin, and produces
highly digestible cellulose that can achieve high glucose
yields with low cellulase loadings. Flow-through reactors
have several advantages for plant biomass pretreatment
including virtual elimination of the need for chemicals
during both pretreatment and pre-fermentation conditioning,
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high yields of hemicellulose Sugars, production of highly
digestible cellulose, and a less corrosive environment from
no acid addition. These advantages translate to potential
reduction in capital construction and chemical costs. How
ever, flow-through reactors require high water consumption,
high energy use, and a complex configuration, which present
commercial challenges.
0097. In one embodiment, ultrasonication is applied
before, during and/or after pretreatment in a flow-through
reactor process and/or after fermentation, typically to the
thin stillage component. It is expected that alcohol yields
will increase significantly and associated production costs
will decrease through application of ultrasonication as
described herein. It is also expected that other benefits as
described herein will occur.

0.098 Steam Explosion Process. Also referred to as auto
hydrolysis, Steam explosion is one of the most cost-effective
methods of pretreatment currently known for ligno-cellulo
sic plant biomass. The Steam explosion process usually
occurs in a batch reactor in which chipped or shredded plant
biomass is treated with high pressure or Saturated Steam
(160-260° C.) for a short period of time followed by a rapid
reduction in pressure creating a flash decompression. The
steam conditions initiate autohydrolysis reactions in which
weak acids from the deacetylation of hemicellulose act as
catalysts in the hydrolysis of hemicellulose. The treatment
also creates a physical disaggregation and rupture of the
ligno-cellulosic fibers, separation of cellulose and lignin
polymeric components, and depolymerization of lignin to
phenolic compounds. Factors that affect steam explosion
efficacy are residence time, which can vary from a few
seconds to several minutes, temperature, plant biomass
particle or chip size, and moisture content.
0099. One advantage to steam explosion is that it pro
vides a cellulose substrate suitable for enzymatic hydrolysis.
However, some ligno-cellulosic materials are particularly
resistant to steam explosion, and higher steam temperatures
are required to overcome this drawback. Alternatively,
impregnation of chemicals, primarily SO or Sulphuric acid,
can effectively improve enzymatic hydrolysis and decrease
the production of inhibitory compounds. As an example,
maximum Sugar yields following enzymatic hydrolysis have
been recovered from corn fiber steam exploded at 190° C.
for 5 minutes with 6% SO.
0100. The main drawbacks to steam explosion are the
formation of various toxic compounds inhibitory to micro
bial fermentation, and low pentose Sugar recovery in unde
graded form. Although the nature and concentrations of the
final inhibiting compounds vary greatly with pretreatment
conditions and the raw material used, the inhibitors pro
duced during steam explosion belong to three major groups:
weak acids from deacetylation of hemicellulose and break
down of lignin, furans (furfural) from Sugar degradation, and
phenolic compounds from lignin degradation. Nevertheless,
steam explosion is effective at large particle size, giving the
advantages of elimination or reduction of milling, lower
costs for materials of construction, lower costs for process
chemicals, and eliminated gypsum disposal derived from the
elimination of acid addition, all of which are considered

highly attractive enough for further research to optimize the
process for commercialization.
0101. In one embodiment, ultrasonication is applied
before, during and/or after pretreatment in a steam explosion
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process and/or after fermentation, typically to the thin stil
lage component. It is expected that alcohol yields will
increase significantly through application of ultrasonication
as described herein. It is also expected that other benefits as
described herein will occur.

0102) Ammonia Recycled Percolation (ARP). ARP is a
pretreatment method that utilizes aqueous ammonia in a
recycle mode. ARP achieves high degree of lignin removal
while keeping cellulose content intact. In order to prevent
the loss of hemicellulose along with lignin during deligni
fication, two stage processes have been devised in which
water or dilute-acid percolation process and the ARP are
operated in Succession. The Solid fraction which remains is
mainly cellulose. The fractionation of hemicellulose, lignin,
and cellulose improves the overall plant biomass-to-ethanol
conversion process since each of the plant biomass constitu
ents can be individually utilized more efficiently.
0.103 Treatment of lignocellulosic plant biomass with
lime to enhances cellulose digestibility by cellulase enzymes
or cellulolytic microorganisms (the bacteria or molds which
produce the cellulase enzymes used for enzymatic hydroly
sis). Lime enhances digestibility by removing lignin as well
as acetyl groups from hemicellulose. Lime has several
pretreatment advantages: 1) it is a low cost alkali, 2) it is safe
to handle, 3) processing conditions are relatively mild, and
4) it is effective.
0104. In one embodiment, ultrasonication is applied
before, during and/or after pretreatment in an ARP process
and/or after fermentation, typically to the thin stillage com
ponent. It is expected that alcohol yields will increase
significantly through application of ultrasonication as
described herein. It is also expected that other benefits as
described herein will occur.

0105 The benefits of sonication applied to the appropri
ate location or locations in a biomass to alcohol process,
Such as a plant biomass to ethanol process are many:
0106. In one embodiment, ultrasonic energy is used for
the pretreatment of ligno-cellulosic plant biomass in which
pretreated plant biomass is Subsequently converted to etha
nol via fermentation.

0.107. In one embodiment, ultrasonic energy is used for
the pretreatment of ligno-cellulosic plant biomass in which
pretreated plant biomass is Subsequently converted to mono
meric pentose and hexose Sugars.
0108. In one embodiment, ultrasonic energy is used for
the pretreatment of ligno-cellulosic plant biomass which
effectively creates destructuring, disaggregation, decrystal
lization, softening, hydration, depolymerization, and
hydrolysis of hemicellulose, cellulose, and lignin of said
ligno-cellulosic plant biomass.
0.109. In one embodiment, ultrasonic energy is used for
the pretreatment of ligno-cellulosic plant biomass in order to
produce more highly digestible cellulose for Subsequent
enzymatic or chemical hydrolysis to glucose.
0110. In one embodiment, an ultrasonication process is
provided for the pretreatment of ligno-cellulosic plant bio
mass for ethanol production comprising any or all of the
following pretreatment conditions: Suspension of said ligno
cellulosic plant biomass material in an aqueous medium
with any level of percent total dissolved solids and percent
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total Suspended solids; addition of chemicals including, but
not limited to, acid, base, ammonia, and Sulfur dioxide; the

addition of heat or pressurized steam ranging anywhere from
0° C. to 300° C. for an unlimited amount of residence time;

a rapid reduction in pressure creating a flash decompression;
application of ultrasonication (provide range of watts/range
of frequency, etc.) for an unlimited amount of time; a batch
reactor System, a continuous flow system, a counter-current
(counter-flow) system, or a flow-through reactor system. In
one embodiment, an ultrasonication process is used in
conjunction with, i.e., interfaced with an existing ligno
cellulosic plant biomass pretreatment technologies for the
production of monomeric pentose and hexose Sugars and the
production of ethanol, in which said pretreatment technolo
gies include, but are not limited to, dilute acid hydrolysis,
steam explosion, ammonia explosion, aqueous ammonia
recycled percolation, lime treatment, steam explosion, aque
ous hot water extraction, any other high pressure hot water
based methods (hydrothermal treatments), batch reactor
systems, continuous flow systems, counter-current (counter
flow) systems, or flow-through reactor systems.
0111. In one embodiment, an ultrasonication process is
used that enables or improves process efficiencies, process
economics, process design, and commercial scale-up, when
used in conjunction with, i.e., interfaced with existing ligno
cellulosic plant biomass pretreatment technologies for the
pretreatment processes described herein, in which any of the
following factors, conditions, or steps are enabled or
improved: production of highly digestible cellulose solids
that can achieve high glucose yields with lower cellulase
enzyme loadings, resulting in lower cellulase costs; elimi
nation of the need for chemicals during both pretreatment
and pre-fermentation conditioning, i.e., elimination of the
need for acid during pretreatment; lower the cost of mate
rials of construction because of a less corrosive environ

ment; reduction in heat and energy demand; reduction in
water usage; minimization or elimination of the formation of
degraded Sugars and Subsequent formation of chemicals
such as furfural that inhibit microbial fermentation, prima
rily due to reducing heat requirements and elimination of
chemical requirements; and optimization of pretreatment
process settings in flowrate, temperature, pressure, and
chemical (acid) level to maximize hemicellulose recovery,
lignin removal, and cellulose digestibility by enzymes or
chemical treatment.

0112 In one embodiment, an ultrasonication process is
used that enables or improves process efficiencies, process
economics, process design, and commercial scale-up factors
listed above, when used in conjunction with, interfaced with
either before of after, or integrated within any of the fol
lowing plant biomass-to-ethanol processes: concentrated
acid hydrolysis, two-stage dilute acid hydrolysis and enzy
matic hydrolysis.
0113. In one embodiment, ultrasonic energy is used to
specifically improve the yield of ethanol production, or the
rate (speed) of ethanol production, or the combination of the
yield of ethanol and rate (speed) of ethanol production, in
any commercial plant biomass-to-ethanol process.
0114. In one embodiment, ultrasonic energy is applied to
any point or processing step prior to (upstream to) fermen
tation in order to kill any contaminating microorganisms,
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including bacteria, fungi, and yeast, which reduces the
possibility of microbial contamination during the fermenta
tion stage.
0.115. In one embodiment, ultrasonic energy is applied to
any point or processing step Subsequent to (downstream
from) fermentation in order to kill any genetically enhanced,
recombinant fermentative microorganisms, including fer
mentative bacteria, fungi, and yeast.
0116. In one embodiment, ultrasonic energy is applied at
any point or processing step in any plant biomass-to-ethanol
process in order to degrade, depolymerize, or denature
transgenic DNA or transgenic RNA derived from any trans
genic/recombinant fermentative microorganism, in any food
or feed processing product, and in waste water streams. Such
that said transgene DNA or RNA, or portion of transgene
DNA or RNA, can not be detected by DNA and RNA
molecular detection methods.

0.117) In one embodiment ultrasonic energy is applied at
any point after fermentation in any plant biomass-to-ethanol
process in order to degrade or denature transgenic protein
derived from any transgenic/recombinant fermentative
microorganism, in any food or feed processing product, and
in waste water streams, such that said transgenic protein can
not be detected by immunological detection methods.
0118 Embodiments of the present invention will now be
further described in the following non-limiting example.
EXAMPLE

Introduction

0119) The application of ultrasonic energy was evaluated
for various biomass feedstocks for the biomass-to-ethanol

process. The objective of the biomass studies was to deter
mine if ultrasonic energy could function as a pretreatment
methodology for ethanol production. In doing so, ultrasonic
energy would be evaluated for its ability to decrystallize
cellulose such that it becomes more digestible by cellulase
enzymes. This process would rely upon ultrasonic energy to
Swell and hydrate crystalline cellulose, and essentially
decrystallize it, in order to make cellulose highly digestible.
The impact of the ultrasonic energy treatment on the effi
ciency of cellulose hydrolysis was measured by the levels of
glucose released, and the levels of ethanol produced in
Subsequent fermentations.
Biomass-to-Ethanol Studies

0120) Two batch process ultrasonic energy studies were
carried out at the ETREMA Products, Inc. facility in Ames,
Iowa. The biomass feedstock substrates evaluated for con

version to ethanol were ground Switch grass from a South
Dakota field, and purified crystalline cellulose (“Sigmacell R.
Cellulose') from Sigma-Aldrich Company, having offices in
St. Louis, Mo. The open, batch Sonication process was
deployed using a hammer-head style horn, and with 500 mL
liquid slurry samples sonicated within 1000 mL. glass bea
kers. For the biomass feedstocks, all Sonications were car

ried out at a power of about two (2) kW and a frequency of
about 20 kHz, with residence times ranging from Zero (0) to
about 15 minutes. Sonicated biomass samples were then
transferred to sterile plastic containers and held at room
temperature. Immediately following the application of ultra
Sonic energy, laboratory cellulase enzyme treatments and
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fermentations were carried out. Glucose Sugars were quan
titated by High Performance Liquid Chromatography
(HPLC), and ethanol yield was measured by Gas Chroma
tography (GC).
Study 1
0121 The first study deployed ultrasonic energy in a
batch process without the addition of any chemicals. Finely
ground Switch grass was suspended at about 10% w/v.
(weight/volume) solids in deionized water. Three indepen
dent slurry Suspensions were made in which the final volume
for each suspension was 500 mL. Sonications were carried
out for Zero (0) minutes (control), about 5 and about 15
minutes on Suspension one, two, and three, respectively.
Duplicate 50 mL aliquots of each slurry suspension were
independently inoculated with yeast, and cellulase at a
concentration of 60 paper filter units “pfu' per gram cellu
lose, and the Suspensions allowed to undergo simultaneous
saccharification and fermentation for 7 days. Ethanol was
measured by gas chromatography (GC) on the seventh day.
The results for ethanol yields for Study 1 are shown in Table
2 and FIG. 7.
TABLE 2

Ethanol Yields from SSF Experiment
Final

Treatment Ethanol

Substrate
Switch
Grass
Switch
Grass
Switch
Grass

Max.
Possible

Ethanol

Yield

EtOH

EtOH Yield Effeciency

min

gll

O

1.9

O.O2

O.2

11.6%

5

4

O.OS

O.2

24.4%

3.8

O.04

O.2

22.8%

15

gig biomass gig biomass

% wtiwt

Results for Switch Grass Ethanol Yields

0122) The ethanol yields in Table 2, were uniformly low,
and achieved low percentages of maximum total theoretical
ethanol yields (far right column). This indicated that the
batch ultrasonic energy pretreatment of Switch grass was not
aggressive enough to promote optimal saccharification of
cellulose. The inability to greatly increase the ethanol yield
may be possibly attributable to 1) failure to remove or
hydrolyze hemicellulose, which is a prerequisite for good
cellulose digestion, or 2) failure to greatly Swell and hydrate
the cellulose to make it digestible. Nevertheless, pretreated
samples of Switch grass were approximately two-fold higher
for final ethanol yields compared to the untreated sample
(Table 2), which indicates that ultrasonic energy is creating
a positive effect in terms of increasing cellulose digestibility.
The switch grass results are also demonstrated in FIG. 7. The
doubling of ethanol yields over the untreated control is
viewed as a significantly positive result in terms of the utility
for ultrasonic energy as an independent pretreatment tech
nology, or as an enabling technology for existing pretreat
ment methods, especially given that the ultrasonic energy
conditions and mechanical design are not optimized for
maximal pretreatment efficacy in this study. In future stud
ies, it is likely that more optimal ethanol yields may be
achieved by use of a more aggressive, higher ultrasonic
energy power, i.e., greater than 2 kilowatts, further including
high power ultrasonic energy of at least about 3 kW or

greater, or a different type of horn with respect to shape and
size or a horn placed within a flow cell through which the
fluid biomass slurry is directed as a continuous flow or
counterflow, or some combination all of the above. In future

studies, more optimal ethanol yields may also be achieved
by integration of high power ultrasonic energy with existing
biomass pretreatment methods such as dilute acid hydroly
sis, high pressure hot water-based methods, i.e., hydrother
mal treatments such as steam explosion and aqueous hot
water extraction, reactor systems, ammonia explosion,
ammonia recycled percolation, lime treatment, and other
chemical treatments.

Study 2
0123. A second study deployed batch process ultrasonic
energy of crystalline cellulose (Sigmacell R. Cellulose), with
the addition of “Tween R. 80, a non-ionic detergent pur
chased from Sigma-Aldrich, at a 1% final concentration.
Tween R 80 is a surfactant which has detergent-like proper
ties, and functions to improve the enzymatic digestibility of
crystalline cellulose. The objective of the study was to
determine if the presence of a surfactant such as Tween R 80.
enabled ultrasonic energy to be a more effective pretreat
ment in terms of improving the digestibility of cellulose.
Crystalline cellulose was suspended at 5% w/v solids in
deionized water. Four Suspension samples were made, and
the final volume for each suspension was 500 mL. Ultra
Sonic energy treatments were for Zero (0) minutes (control),
and about 15 minutes. Two sets of samples were evaluated:
Set 1: No Addition of Tween(R) 80.

0.124 Samples 1 and 2 contained no Tween R 80. Sample
1 received no ultrasonic energy. Sample 2 received an
approximately 15 minute treatment of ultrasonic energy. The
glass beaker for sample 2 was held in an ice bath during the
entire 15 minutes of ultrasonic energy to prevent high
temperatures and shattering of the beaker.
0.125 Set 2: Tween R 80 Added to a 1% Final Concen

tration.

0.126 Samples 3 and 4 contained Tween R 80 at an
approximately 1% final concentration. Sample 3 received no
ultrasonic energy. Sample 4 received an approximately 15
minute treatment of ultrasonic energy. The glass beaker for
sample 4 was held in an ice bath during the entire 15 minutes
of ultrasonic energy to prevent high temperatures and shat
tering of the beaker.
0127. After sonication, the four crystalline cellulose
whole slurries from Sets 1 and 2 were immediately tested for
cellulase digestibility, in a cellulose hydrolysis assay. This
was performed by incubating duplicate aliquots all four
whole slurry samples in the presence of a low cellulase
loading (10 paper filter units “pfu' per gram cellulose), and
a high cellulase loading (60 paper filter units "pfu' per gram
cellulose) for approximately 72 hr, and measuring glucose
released at about 4 hr, about 24 hr and about 72 hour time

points. Glucose was quantitated by HPLC.
Results From Study 2
0128. The results for the Set 1 samples in which no

Tween(R) 80 was added are shown in FIG. 8 and FIG. 9. The

data is presented as percent of total cellulose digested as a
function of the amount of glucose released. The plain bars
indicate the percent of cellulose digested without ultrasonic
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energy, while the dashed bars are with approximately 15
minutes of ultrasonic energy. The graph depicted in FIG. 8
is the assay run with a low cellulase load (10 pfu/gm), while
the graph depicted in FIG. 9 is the assay run with a high
cellulase load (60 pfu/gm). The results for the Set 1 samples
with no added Tween R 80 indicate that an approximately 15
minute treatment of ultrasonic energy at 2 kilowatts and 20
kHz increased cellulose digestibility by about 16-18% under
a low cellulase load, and by approximately 10% under a high
cellulase dose, over the non-Sonicated controls. It should

also be kept in mind that 72 hours is a long digestion time,
and that the 24 hour time point is a more “practical time
index. However, the 24 hour results with a low enzyme load
are far from optimal in achieving maximum yields, even
with the increase in digestibility due to ultrasonic energy
pretreatment. Microscopic analysis of the approximately 15
minute Sonicated Sample showed that cellulose crystals were
not significantly swelled or hydrated by the ultrasonic
energy pretreatment. It is hypothesized that ultrasonic
energy increased the affinity of the cellulase enzyme to the
Surface of the cellulose crystals, perhaps by creating a
rougher Surface, thereby enhancing the cellulose hydrolysis
and release of glucose.
0129. The results for the Set 2 samples in which Tween(R)
80 was added to a final concentration of approximately 1%
are shown in FIG. 10 and FIG. 11. The data is presented as
percent of total cellulose digested as a function of the
amount of glucose released. The plain bars indicate the
percent of cellulose digested without ultrasonic energy,
while the dashed bars are with about 15 minutes of ultra

Sonic energy. The graph depicted in FIG. 10 is the assay run
with a low cellulase load (10 pfu/gm), while the graph
depicted in FIG. 11 is the assay run with a high cellulase load
(60 pfu/gm).
0130. The results for the second set of samples with no
Tween R 80 indicate that an approximately 15 minute treat
ment of ultrasonic energy at about 2 kilowatts and about 20
kHz increased cellulose digestibility by 8-11% under a low
cellulase load, and by 21-24% under a high cellulase dose,
over the non-Sonicated controls. Microscopic analysis of the
sonicated sample with Tween R 80 showed that cellulose
crystals were also not significantly swelled or hydrated by
ultrasonic energy. Again, it is hypothesized that ultrasonic
energy increased the affinity of the cellulase enzyme to the
Surface of the cellulose crystals, perhaps by creating a
rougher Surface, thereby enhancing the cellulose hydrolysis.
Tween R 80 may have enhanced the disruption or disaggre
gation of the cellulose crystals at the Surface during ultra
Sonic energy, which further facilitated enzymatic hydrolysis
of cellulose.

0131 The results in which Tween R 80 was present, and
in which a high cellulase load was used, are highly mean
ingful, although not statistically significant simply because
not enough samples were run in the test design. The presence
of a surfactant such as Tween R 80 enhances the physical,
mechanical disruption of crystalline cellulose by ultrasonic
energy, Such that the cellulose becomes much more digest
ible, as much as about 21-24% more digestible. The impli
cations of employing a Surfactant during ultrasonic energy
are that ultrasonic energy may possibly function as a stand
alone pretreatment for biomass-to-ethanol processing. How
ever, the implications are much greater that ultrasonic
energy, with or without the presence of a Surfactant Such as
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Tween R. 80, may more likely serve as an enabling technol
ogy that interfaces or integrates with an existing pretreat
ment technology, thereby optimizing or maximizing that
particular pretreatment in terms of cellulose digestibility and
ethanol yields. Future cellulose digestion studies may
include integration of ultrasonic energy with existing bio
mass pretreatment methods such as dilute acid hydrolysis,
high pressure hot water-based methods, i.e., hydrothermal
treatments such as steam explosion and aqueous hot water
extraction, reactor systems, ammonia explosion, ammonia
recycled percolation, lime treatment, and other chemical
treatments such as various Surfactants similar in function to
Tween(R) 80.
Conclusion

0132) Application of ultrasonic energy to one or more of
the various processing streams in a biomass to ethanol
process can be accomplished with relatively minor retrofit
ting of equipment. Essentially, the ultrasonic transducer or
transducers useful in the various embodiments of the present
invention can be interfaced with or integrated into existing
processing steps and technologies, thus allowing ethanol
producers to overcome technological hurdles, inefficiencies,
and poor yields in an easy and cost efficient manner without
the need to undergo costly and time-consuming re-tooling of
their facilities. Additionally, ultrasonic energy may poten
tially be used at any phase of other alcohol production
processes to provide enhancements and benefits as described
herein.

0.133 Various embodiments of the invention include pro
cess improvements enabled by the application of ultrasonic
energy, including high powered ultrasonic (HPU) energy, at
various points in the process of producing alcohol from
biomass. As a result, economic barriers that are currently
preventing the commercial implementation of biomass con
version technologies are reduced or eliminated.
0.134. The systems and methods of the present invention
utilize ultrasonic energy at the frequencies and intensities
required on an industrial scale to reduce the production cost
of ethanol by improving biomass conversion perton, reduc
ing processing times for higher throughput, reducing oper
ating costs, and increasing the marketability of co-products.
0.135 Although specific embodiments have been illus
trated and described herein, it will be appreciated by those
of ordinary skill in the art that any arrangement that is
calculated to achieve the same purpose may be substituted
for the specific embodiment shown. This application is
intended to cover any adaptations or variations of the present
Subject matter. For example, ultrasonic energy is also useful
for biomass-based production facilities which produce alco
hols other than ethanol. Such alcohols include, but are not

limited to, industrial alcohols such as methanol, isoproponal,
butanol, and so forth, further including propane diol, which
can be used to make bioplastics. It is also likely that
ultrasonic energy would be useful in biomass-based produc
tion facilities that produce various organic acids, such as
lactic acids. Most likely such production facilities which
produce alcohols other than ethanol and/or organic acids
consist of processes which utilize pretreatment technologies
and fermentation processes described herein.” Therefore, it
is manifestly intended that embodiments of this invention be
limited only by the claims and the equivalents thereof.
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What is claimed is:

1. A system comprising:
one or more ultrasonic energy transducers; and
a biomass to alcohol production facility adapted for use
with the one or more ultrasonic energy transducers.

2. The system of claim 2 wherein the biomass to alcohol

production facility is a plant biomass to ethanol production
facility.
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